Next-generation xenon detectors with multi-ton-year exposure are powerful direct probes of dark matter candidates, in particular the favorite weakly-interacting massive particles. Coupled with the features of low thresholds and backgrounds, they are also excellent telescopes of solar neutrinos.
I. INTRODUCTION
Xenon detectors play a dominant role in direct experimental searches of a favorite dark matter candidate-weakly-interacting massive particles (WIMPs). The current best limits on the spin-independent WIMP-nucleon cross section are set by xenon detectors with 4.1 × 10 −47 cm 2 for a 30 GeV/c 2 WIMP and 8.6 × 10 −47 cm 2 for a 50 GeV/c 2 WIMP set by XENON1T [1] and PandaX-II [2] with sub-ton-year exposure. It is expected that the next-generation experiments, XENONnT [3] , LZ [4] , and DARWIN [5] , with multi-ton-year exposure will bring further improvement by one or two orders of magnitude. To achieve extremely low background, WIMP detectors are typically hosted in deep underground laboratories to shield cosmic rays. However, neutrinos from the Sun, supernovae
and their remnants, and atmospheric showers can still reach the detectors to generate scattering events indistinguishable from the WIMP signals and form the so-called irreducible background. In the sub-keV to 100 keV recoil energy that WIMP searches focus on, neutrinonucleus coherent scattering and neutrino induced atomic ionization are the main sources of background and are studied in Refs. [6] and [7, 8] , respectively.
This feature implies that those ton-scale, low background xenon WIMP detectors can serve as excellent solar neutrino telescopes to study solar and neutrino physics at the same time. For example, the very low energy solar neutrino flux from proton-proton fusion can be measured to the 1%-level precision [7] , which provides experimental check to the Standard Solar Model. The high energy solar neutrino flux from the 8 B decays can trigger observable coherent neutrino-nucleus scattering.
In this paper, we attempt to address the discovery potential of using ton-scale liquid xenon detectors to probe exotic electromagnetic (EM) properties of solar neutrinos. In the Standard Model (SM) of particle physics, neutrinos are charge neutral and have extremely tiny EM moments including magnetic dipoles, electric dipoles, anapoles, and charge radii through radiative corrections. Those SM EM properties are not detectable with current experimental sensitivity but new physics beyond SM might make them detectable. Hence the detection of those exotic EM properties are important probes of new physics which could have profound implications to particle physics and astrophysics (see, e.g., Refs. [9, 10] for recent reviews of this topic).
The current best limits reported by direct laboratory searches for "effective" (to be ex-plained in the next section) neutrino EM moments include the following: the magnetic moment of reactor anti-electron neutrinos µ ef νe < 2.9 × 10 −11 µ B (µ B is the Bohr magneton)
by the GEMMA experiment using a germanium detector [11] ; the magnetic moment of solar neutrinos µ eff ν S < 2.8×10 −11 µ B by the Borexino experiment using a liquid scintillator [12] ; the effective milli-charge of reactor anti-electron neutrinos δ ef νe < 1.5 × 10 −12 e 0 (e 0 is the positron charge) using data from the GEMMA experiment [13] , and δ ef νe < 2.1 × 10 −12 e 0 by the TEX-ONO experiment using a smaller germanium detector with a lower-threshold than the one of GEMMA [14] ; and the effective charge radius squared of reactor anti-electron neutrinos r 2 νe eff < 3.3 × 10 −32 cm 2 by the TEXONO experiment using a CsI scintillator [15] . Our main goal of this study is to quantify whether these limits can be improved with xenon detectors with multi-ton-year exposure to solar neutrinos using realistic detector specifications of energy threshold, energy resolution, and background.
To achieve this goal, we need to calculate the scattering cross sections of solar neutrinos and xenon atoms, and use them to predict the event rates expected at detectors. Because the energy scales in these scattering processes, which range from a few tens of eV to a few tens of keV, overlap with the ones of atomic physics, it is necessary to perform reliable many-body computations. Similar to our previous works on neutrino-germanium scattering [14, 16, 17] , we apply an ab initio approach, the relativistic random phase approximation (RRPA) [18] [19] [20] [21] , to neutrino-xenon scattering. We report new results of neutrino-Xenon scattering through exotic EM interactions, together with the weak interaction process calculated in Ref. [8] for completeness.
II. SCATTERING OF SOLAR NEUTRINOS OFF XENON ATOMS
In the most general case, the EM current of a neutrino field, ν, is given by
scattering off a free electron, the differential cross section dσ/dT with respect to neutrino energy deposition T , scales as T −2 for the milli-charge interaction [13, 22] , T −1 for the magnetic and electric dipole moment interaction [23, 24] , and T 0 [25] for the anapole moment and charge-radius-squared interaction. This implies enhanced sensitivities to δ Q , µ ν and d ν for detectors with low thresholds. Also note that the interactions with a ν and r 2 ν have the same contact forms as the low-energy weak interactions, so they can be effectively included by modifying the neutrino weak coupling strengths.
Second, as solar neutrinos are ultra-relativistic, that is, E ν m ν , it is a good approximation to set m ν = 0 in scattering. At this limit, a neutrino helicity eigenstate is also a chirality eigenstate. By the identities
one sees that the µ ν and d ν interactions are not distinguishable, nor are the a ν and r 2 ν interactions. They will appear in scattering amplitudes as linear combinations µ ν − id ν and
Third, because neutrinos oscillate and the final neutrino type is not observed in the detector setup that we are discussing, the general EM moments of neutrinos should be written in a 3 × 3 matrix form to accommodate the possible transition EM moments. The matrixes of the moments involve neutrinos of different types in the incoming and outgoing states, in addition to the static EM moments, which are the diagonal matrix elements.
Thus for solar neutrinos, the magnetic moment probed at the detector end is actually an "effective" one which appears in the cross section in a squared form as
where f and i are the mass eigenstate indices for the outgoing and incoming neutrinos at the point of the neutrino EM interaction caused by the transition magnetic and electric dipole moments µ f i and d f i , respectively [10, 12, 26] . The amplitude A ie (E ν , L) describes how a solar neutrino, which is an electron neutrino ν e at birth, oscillates to a mass eigenstate ν i through the in-medium oscillation in the solar interior and the subsequent vacuum oscillation while traversing from the surface of the Sun to the Earth. The summation over i gives the total transition amplitude (squared to give probability), and the summation over f indicates the incoherent sum over different final states. Similar procedures should be applied to effective milli-charge δ eff Q S and charge radius squared r 2 ν S eff . Note that these effective moments depend on neutrino energy E ν and the Sun-Earth distance L. But in practice, they can be approximated as constants [10, 12] . In this work, we only concern how effective moments are constrained by experiments but not their composition and their dependence on neutrino oscillation parameters.
The majority of solar neutrinos comes from two sources which make up about 98% of the total solar neutrino flux: the proton-proton (pp) fusion, p + p → d + e + + ν e , which produces a continuous spectrum with E ν from 0 to 420 keV [27] , and the electron capture by 7 Be, 7 Be + e − → 7 Li + ν e , which produces two discrete spectral lines at 862 keV and 384 keV with branching ratios 89.6% and 10.4%. Their fluxes on the Earth surface are [28, 29] φ pp = 5.98 × 10 10 cm
Compared with experiments using germanium detectors to probe the EM moments of reactor antineutrinos, the solar neutrino flux is smaller by 2-3 orders of magnitude. However, tonscale xenon detectors can make up this deficiency by target mass, as typical germanium detectors only operate at the kg-scale.
Both pp and 7 Be neutrinos have rather low energies. They can not deposit observable energy at the keV or sub-keV scale by scattering off the whole atom or the atomic nucleus elastically. Therefore, the most effective channel to probe the EM moments of solar neutrinos is to ionize the xenon atom
and produces an electron recoil (ER) with a few tens of eV to a few tens of keV in energy.
Apparently, the weak scattering is the main background thats limit the discovery potential.
However, xenon detectors can not differentiate an ER event from a nuclear recoil (NR) event below certain energy, currently around 1.4 keV [1] . 1 Therefore, NR events dominantly by coherent neutrino-nucleus scattering (CNNS) by the 8 B neutrinos
in the range ∼ 20 eV-2 keV, should also be considered as a background.
The formalism for calculating the differential cross sections of neutrino-atom ionization of Eq. (5) is documented in detail in Ref. [17] . The formalism for CNNS of Eq. (6) can be found in Ref. [30] . We only re-iterate the importance of atomic structure in these calculations, and highlight some key features of our results.
A neutral xenon atom has Z = 54 electrons, so the relativistic correction can be as large as Zα ∼ 0.4. The leading relativistic correction and two-electron correlations are taken into account in our calculation through RRPA [18] [19] [20] [21] . This approach was benchmarked by the photo-xenon absorption process shown in Fig. 1 of Ref. [8] . The calculation agrees with the experimental data [31] [32] [33] [34] [35] at a few percent level between 100 eV to 30 keV, except near atomic ionization thresholds or "edges." A photoabsorption edge is where the cross section reaches a local maximum. So a small mismatch between the experimentally-measured and the theoretically-calculated energy edges leads to a large cross section difference around it.
However, this mismatch is largely removed by considering the finite energy resolution of a detector. The theory error is conservatively estimated to be 5% in this range. Between 70-100 eV, the large peak at around 100 eV indicates strong correlations. Due to slow convergence of the computation in this range, only a few points were obtained. The largest disagreement is seen between 40-70 eV but still within 30%.
In Fig. 1 , the ν-Xe differential cross sections through the neutrino magnetic moment interaction are shown. Contributions from the 7 Be line spectrum at 862 keV and 384 keV, and the flux averaged pp neutrinos all have very similar T dependence. We also show the result using the stepping free electron approximation (FEA):
This is done by weighting the scattering cross section of a neutrino and a free electron, dσ 0 /dT , with the number of electrons that can be ionized by an energy deposition of T , with θ the step function and B i the binding energy of the ith electron. FEA is shown to be a good approximation for this process from a sum rule analysis [36] [37] [38] . This conclusion was confirmed numerically by the ab initio calculation with Ge in Ref. [16] and with Xe in this work. However, the ab initio result is consistently smaller than that of FEA in Ge but not in Xe here. This can be traced back to the approximation used in the sum rule method which keeps only the leading single electron operator J 0 = e † e in the non-relativistic expansion of the electromagnetic current. The J i current (i = 1, 2, 3), which is suppressed by the electron velocity, and higher dimensional operators such as δJ 0 = (e † e) 2 , are not included in the analysis. However, from an effective field theory point of view, all operators of the same quantum numbers as J 0 and J i can appear after the high energy mode mode in the non-relativistic effective field theory is "integrated out." For example, the one electron operator e † e can exchange one high energy photon with another electron. After integrating out the high energy photon, the δJ 0 operator appears. With just the J 0 operator, one can show that FEA yields an upper bound. However, the inclusion of δJ 0 could change this conclusion. A similar conclusion was reached in Ref. [38] that electron correlations could modify the sum rule analysis of [36] . Indeed, our result becomes bigger than FEA near 100 eV where a large peak in photo-absorption is observed in Fig. 1 of Ref. [8] . This peak should come from large electron correlations since the nearest threshold is still 30 eV away.
Analogously, the ν-Xe differential cross sections through the neutrino milli-charge interaction are shown in Fig. 2 . The milli-charge interaction has a sharper T dependence than the neutrino magnetic moment interaction which is also seen in scattering over a free electron.
It has been shown in the previous study that at low energies, the equivalent photon approx- imation (EPA), which relates the ionization cross section to the one of photo-absorption, works well in the Ge ionization by the neutrino milli-charge interaction [14] . While at energies higher than all the electron binding energies, electron binding is no longer important and the result approaches the EFA curve [14] . These features are also seen in the Xe case here.
III. RESULTS AND DISCUSSIONS
The differential count rates as functions of neutrino energy deposition, dR(T )/dT , are obtained by convoluting the differential cross sections dσ(T, E ν )/dT with the incident solar neutrino energy spectrum
where the unit is fixed as events per ton per year per keV, N 0 = 6.02 × 10 29 , A is the atomic mass of the atom, and ∆t = 1 year.
We have shown relevant solar neutrino xenon scattering processes using the current best upper limits on neutrino EM moments as inputs for the effective EM moments of solar neutrinos in Fig. 3 The rates are with one ton-year exposure.
The red curve is for the electron recoil from atomic ionization (ν + A → ν + A + + e − ) through the standard weak scattering which is considered as a background in this work. In the range of T considered, major contributions are from the pp and 7 Be neutrinos. Note that charged-current interaction is not flavor-blind (σ νµ = σ ντ = σ νe ) and will depend on solar neutrino oscillations. The result presented here is based on the same computation scheme as the one of Ref. [8] with neutrino oscillations included but with improved error estimation. The differential cross section at large T is slightly increased, but still smaller than the calculation [7] based on free electron scattering by 19%.
The purple curve is for the nuclear recoil from neutrino-nucleus coherent scattering (ν + A → ν +A) which is also considered as a background here since ER and NR events cannot be distinguished at low energies (current below 1.4 keV). At T > 0.01 keV N R , it is dominated by the 8 B neutrinos, because pp and 7 Be neutrinos are not energetic enough. The process only involves the flavor-blind neutral-current interaction so it is independent of solar neutrino oscillations. The event rate presented here is based on the standard formula for neutrinonucleus coherent scattering, quenching factor Q f = 1 (i.e. no quenching), and the coherency is more than 0.9 in the range of T [30] .
ν-Xe EM ionization event rates are presented by black (milli-charge), blue(magnetic moment), and green curves (charge radius squared), respectively. The result suggests that if the detector has good sensitivity to the weak interaction (red curve) background then the current bound on neutrino effective milli-charge can be further improved. The improvement on the current bound of neutrino effective magnetic moment is also possible especially with T > 2 keV. Below 2 keV the NR background from neutrino-nucleus coherent scattering (purple curve) needs to be subtracted which might be a challenge.
We also study the possible signal of ν-Xe EM interaction through the NR process. The golden curve is neutrino-nucleus coherent scattering through neutrino magnetic moment
where Z is the atomic number, m e is the electron mass coming from the definition of Bohr magneton, F V (q 2 ) with normalization F V (0) = 1 is the nuclear isoscalar vector form factor for xenon which is an isoscalar neucleus, and the on-shell condition for the nucleus fixes
. The effect is much smaller than coherent scattering through weak interaction and is also much smaller than ER through neutrino magnetic moment interaction.
Similar NR process through neutrino milli-charge can interfere with the weak interaction process:
where G F is the Fermi coupling constant, θ W is the Weinberg angel, and M A is the nuclear mass. The current δ Q bound makes the interference term (the x term) much bigger than the x 2 , hence we present the x term as the magenta curve.
To put the above naive (and optimistic, too) prospect on a more realistic ground, one needs to take detector specifications into account. All relevant backgrounds can be categorized into external and intrinsic ones. The external background comes from radioactive contamination in detector construction materials which can be reduced considerably by target fiducialization. However, this self-shielding does not work for the intrinsic background from 85 Kr, 222 Rn, and double beta decays of 136 Xe. A potential background for neutrinoelectron interactions comes from these components. Based on earlier studies [45, 47] , the total ER background distribution is assumed to be flat below 20 keV. The upper limits on the various neutrino electromagnetic parameters are derived under the assumption that the predicted signal cannot exceed the measured background rate. The energy resolution for xenon detectors is adopted from Ref. [46] .
It is also worth emphasizing that the distinguishing power of NR and ER for liquid Xe detectors relies on the S1 (prompt scintillation) signal. In the absence of S1 signal, the electromagnetic background contamination increases significantly due to losing z-coordinate reconstruction from the time difference of S2/S1 and particle identification based on the S2/S1 signal ratio. More specifically, although the S2 energy threshold is lower than S1
and can be pushed to sub-keV due to electroluminescence amplification, also the ambient background can be minimized by using a smaller fiducial mass, however, the NR background from neutrino-nucleus coherent scattering becomes a major issue in the absence of discrimination between NR and ER events in the S2-only analysis. Therefore, we will only present constraints from the S1+S2 combined analyses.
In Table I , we show the key detector parameters for LXe detectors and their sensitivity For the effective charge radius squared, we see the constraints in Table I is no better than existing bound. This is because the associated cross section is not enhanced relative to the weak interaction background at low energy. Hence the best constraint is in fact from TEXONO experiment using MeV reactor neutrinos [15] .
IV. SUMMARY
In this work, we study the potential of using current and next-generation xenon detectors in constraining exotic electromagnetic moments of neutrinos with low-energy solar pp and 7 Be sources. The cross sections of neutrino-atom scattering due to these electromagnetic neutrino-electron interactions are calculated by the relativistic random phase approximation which is a state-of-the-arts ab initio approach to properly take atomic many-body physics into account. Limits are derived using current experimental data with sub-ton-year exposure.
Projected sensitivity is also estimated assuming future detector specifications.
It is interesting that with one ton-year exposure, XENON-1T can improve the effective milli-charge constraint by a factor two. With LZ and DARWIN, the projected improvement on the effective milli-charge is around 7 times smaller than the current bound, while the projected improvement on the effective magnetic moment is around a factor two. To further motivate future experimental effort, if LZ can keep the same background level and push the ER threshold to 0.5 keV ER with S1+S2, then limits of δ eff Q S ∼ 10 −13 e 0 (one order smaller than the current bound) and µ eff ν S ∼ 10 −11 µ B (three times smaller than the current bound) can be achieved.
As for the limit on the effective charge radius of neutrinos, using low energy solar neutrinos have no advantage over using MeV reactor neutrinos. We also consider contributions from additional electromagnetic neutrino-nucleus interactions, but the resulting nuclear recoil signals are also swamped by the background due to coherent neutrino-nucleus scattering.
